Abstract-The reduced matrix converter (RMC) implemented in offshore wind power conversion system is investigated in this paper. The RMC is built with 6 bi-directional switches, and the losses produced by these switches are compared under different conditions. Each bi-directional switch is made up by two RBIGBTs in antiparallel, and it is studied how the special structure of the RB-IGBT will affect the total losses of the switch. The entire offshore wind power conversion system is modeled in PSIM. The first conversion stage after the wind turbine is direct ac-ac conversion by the reduced matrix converter. Thereafter a high frequency square wave voltage is fed into a transformer. Due to the high frequency, the transformer will have reduced weight, which is an important aspect of the lightweight and compact component requirements for offshore wind turbine installations. After the transformer the second conversion stage is carried out. This is done by a full-bridge converter where the output is dc voltage, for enabling series connection of wind turbines in dc. The study is aimed at the achievement of an energy efficient converter, with high power density and reliability.
I. INTRODUCTION
The oceans cover approximately two thirds of the earth surface, and will be a great resource for generating energy from renewable sources in the future. The wind conditions in the open ocean is better than on land because the wind velocity is 30 to 40 % higher, and the wind is also more steady and less turbulent [1] . However, challenges in offshore wind power are more severe than in onshore wind power: the components have to be compact, lightweight and highly reliable. According to [2] , for distances longer than 55-70 km, high voltage DC transmission to shore will be a cheaper and more efficient solution than high voltage ac transmission . The proposed conversion system in this paper is based on a long transmission line with HVDC. The wind power conversion system discussed in this paper and depicted in figure 1 , is build up with direct ac-ac conversion, where the ac output from the converter is rectified in order to obtain a dc voltage. The dc voltage is the output from the nacelle of the wind turbine, and is connected in series with the dc outputs from the other turbines in order to increase the voltage to a suitable level for high DC voltage transmission to on-shore. The direct ac-ac conversion makes it possible to omit the bulky dc-link capacitor and with high frequency voltage the weight of the transformer can be reduced [3] .
Power losses are an important issue when it comes to conversion of energy. In this paper the losses generated by the bi-directional switches of ac/ac converter will be investigated by a simulation model in PSIM. There are several topolgies for bi-directional switches, where two of them is depicted in figure 2(b) and (c). In this paper the newly developed bidirectional switch with two reverse blocking IGBTs (RB-IGBT) connected in antiparallel will be investigated. In [4] it is shown how changing the design of the bi-directional switch from the conventional with two IGBts with antiparalleled diodes to the new one with two RB-IGBTs in antiparallel can reduce the total losses.
II. THE CONVERTER TOPOLOGY
The reduced matrix converter discussed in this paper is a direct ac-ac converter with 3-phase sinusoidal wave as input and 1-phase high frequency square wave as output, see figure 2(a). The switches are controlled by a modified version of standard pulse width modulation (PWM) [3] . The RMC consist of six bi-directional switches, which are different from the standard IGBTs with freewheeling diodes because they are able to block the same voltages of both polarities. This special attribute of the bi-directional switch is necessary when both the output and the input of the converter is ac.
A. Reverse blocking IGBT
The RB-IGBT used in a bi-directional switch has a structure similar to another version of the IGBT, the non-punch-through IGBT (NPT-IGBT). The NPT-IGBT can also sustain blocking voltages of both polarities, but it has a high leakage current in reverse bias which is generated due to the severe roughness remaining after the mechanical dicing process. To prevent this leakage current, the RB-IGBT has an extra isolation layer made by extending the bottom p + -region to include the vertical dicing sides of the device. The p + -isolation region together with the n − -drift region constitute what can best be characterized as an intrinsic diode of the device [5] . The vertical cross section of the structure of one of the half cells of a RB-IGBT is depicted in figure 3(a) . This design of a RB-IGBT is named isolation type, and is the one which are open for commercial use [6] . 
B. Operation of the RB-IGBT
In an equivalent circuit of the RB-IGBT, the intrinsic diode can be extracted from the model. It will then appear in series connection with the IGBT portion of the transistor, and together with the diode drawn with a dashed line the intrinsic diode also constitutes the bipolar junction transistor portion of the device, see figure 3 (b). Even if the intrinsic diode appears as an external part to the rest of the model, it is important to remember that the diode "does not exist physically in the switch module" [5] .
The operation of the intrinsic diode in the RB-IGBT demonstrates that the diode does not operate as a conventional, external diode. The intrinsic diode is dependent on the off and on-state of the RB-IGBT: even if the diode is forward biased it cannot conduct when the RB-IGBT is turned off, and when the diode is reverse biased it does not have to be forward biased to start to conduct; it is enough that the RB-IGBT is switched on, so that the voltage across the element goes to zero.
In figure 4 there is depicted two situations in which the RB-IGBT is in off state. In (a) the RB-IGBT is forward biased, and the voltage will be blocked by junction 2 (J2), see figure  3 (a). The RB-IGBT operates like a conventional IGBT, and all the collector emitter voltage will be across the IGBT portion 
C. Losses in the RB-IGBT
The losses generated in a RB-IGBT can be divided into two categories: the conduction losses and the switching losses. While the switching losses in a conventional IGBT are generated due to the hard switching of the device, the RB-IGBT can either have a hard or soft switching transient. The hard switching occurs when the RB-IGBT operates as an IGBT, i.e. that the device is forward biased before switching it on or after switching it off. The natural soft switching feature of the RB-IGBT is a special attribute of the device. The soft switching occurs when the RB-IGBT is reverse biased so that all the collector emitter voltage is across the intrinsic diode portion of the device, as in figure 4(b). When the RB-IGBT is turned on, the voltage across the IGBT portion is constant zero, while the voltage transient of the intrinsic diode change from V ce to zero in a finite time. This generates what is called reverse recovery losses in the intrinsic diode of the RB-IGBT. In a conventional diode the reverse recovery losses is connected to the turn off period of the device, but for the intrinsic diode these losses are generated both by turn on and turn off.
In [4] simulation methods to calculate losses for a RB-IGBT (600V/200A) have been suggested. In the loss characteristics reported, it has been measured that reverse recovery losses of the intrinsic diode are lower than turn on and turn off losses of the IGBT portion of the device.
III. OPERATION OF THE REDUCED MATRIX CONVERTER
The entire model of the offshore wind power conversion system is investigated by a simulation model built in PSIM. While the power flow in a power generating system normally is from the generator to the grid side, the power flow in this model will be in the opposite direction for simulation purposes. The reason is that the generator is replaced with a motor. The motor is of type squirrel cage induction machine, and delivers the power to the input of the reduced matrix converter, which from now will be the sinusoidal 3-phase side. The voltage from the square wave output is fed into a high frequency transformer which further is transformed into dc voltage by the full-bridge converter. The dc grid is modeled as a dc voltage source.
A. Switching scheme Figure 5 shows the modified carrier based PWM algorithm which is used to modulate the switches of the reduced matrix converter and the full-bridge converter [9] . In order to generate switching signals for the full-bridge converter, its associated carrier signal is compared with zero: when the carrier is greater than zero the switches which generate positive voltage signals are turned on, and when the carrier is lower than zero the switches which generate negative voltage signals are turned on. The carrier of the full-bridge (carrier F-B) is a triangular signal as in equation 1 with a phase angel that can be varied. The path of the reference signals for phase a,b and c in the reduced matrix converter depends on the position of carrier F-B compared to the zero x-axis. If carrier F-B is greater than zero, the reference signals will be multiplied with +1 and thus continue as normal, on the other hand, if carrier F-B is lower than zero, the reference signals of the RMC will be multiplied with −1, and thus be inverted. Further, the reference signals for each phase a, b and c are compared with the carrier of the RMC, a triangular signal as in equation 2, in order to turn on or off the bi-directional switches. The reference signals for each phase follow equation 3 with a constant frequency of 50 Hz.
θ is the phase angle between carrier F-B and carrier RMC.
Where ϕ is 0 • for phase a, 120
• for phase b and −120
• for phase c, m a is the amplitude.
In [3] the special switching pattern based on PWM for the reduced matrix converter is explained more thoroughly. 
B. Modulation characteristics
The modulation curve is a function of the voltage ratio, presented at the y-axis, and modulation amplitude ratio, presented at the x-axis. The voltage ratio is found by dividing the peak line to line output voltage to the peak input voltage. The curve is made by trying different modulation amplitudes in the model in PSIM, which means by changing the amplitude of the reference signal, while the carrier has constant amplitude equal to one.
The result in figure 6 shows a curve which is linear until the modulation amplitude ratio reaches 1. From amplitude equal to 1 it is overmodulated, and the curve is no longer linear. After 1.2 the output line to line voltage stop increasing, see figure 8 , and that is the reason why the modulation amplitude curve is straight from that time on. 
Where V ref erence is the peak amplitude of the reference signal, and V carrier is the peak value of the carrier signal.
When the amplitude of the sinusoidal reference signal is greater than the amplitude of the triangular carrier signal, there will be a period where the reference signal is higher than the carrier signal. Then the reference signal will cross the carrier signal in the same height on the triangular curve for each time it is inverted, see figure 7 , this result in a switch duty ratio which is constant for each period of the carrier signal in this specific time period. The consequence is that the output pulses after a short time will be generated with the same time interval, the sinusoidal output stops increasing and the top of it is cut right over with a straight line; the signal is overmodulated. The signal will continue being overmodulated until the reference signal again is lower than the carrier. Figure 8 shows how the line to line voltage of the output acts when the converter is overmodulated and the amplitude modulation ratio is equal to 1.5, the red line is the sinusoidal curve which represents the pulses when they are fed into a second-order low pass filter, and figure 9 shows the distorted current. 
IV. LOSS MODEL FOR THE REDUCED MATRIX CONVERTER
To calculate the losses in the reduced matrix converter it is necessary with four different measurements for each bidirectional switch in order to decide which category the losses belong to. These categories are conduction losses, reverse recovery losses of the intrinsic diode and turn on or turn off losses of the bidirectional switch.
Two of the four aforementioned measurements needed for each switch are the voltage between collector and emitter, and the current in the collector in the instance t. These values are calculated with the RMC model in PSIM, and the information is then sent to a Dynamic Link Library (DLL) file. Since PSIM sends the information to the DLL-file for each time step dt it takes, it is already stored information about the two other measurements needed: the voltage and current from the time step precedent to t, i.e. t-dt. Thereafter, the code in the DLLfile classifies loss category by comparing the measurements from t-dt and t. It can then calculate the losses and store them for the next time steps in such a way that the total losses within each category can be summarized in the end.
The calculations in the DLL-file are based on the equations from [4] , which is characterized for a RB-IGBT (600V/200A). Conduction losses are calculated as for a conventional IGBT, with the equation for power dissipation.
V ce : voltage between collector and emitter, I c : collector current Where V ce is calculated as follows:
Where A = 22.789, B = 28.536, C = −32.091 are extracted from [4] The turn on, turn off and reverse recovery energy losses are calculated with equation (7), and are as well as the conduction losses a function of the voltage across the transistor and the current flowing through it.
E: energy loss in MJ, k 1 and k 2 : constants characterized for each loss category.
In [4] k 1 and k 2 is defined for each category as follows: Turn on loss:
Turn off loss:
Reverse recovery loss:
The turn on, turn off and reverse recovery losses have to be converted to the same unity as the conduction losses so they can be easily compared, then the instantaneous power losses within all of the four groups is obtained. In order to calculate the average power loss, the instantaneous losses have to be averaged, this is done by dividing each loss category with the total simulated time period.
1) Switching conditions for Reduced Matrix Converter:
The switching conditions are tested in two different situations. In situation 1 the system is tested with same carrier frequencies for both converters, and in situation 2 the system is tested with different carrier frequencies, respectively 10 kHz in the RMC and 5 kHz in the full-bridge. In both situations the phase angle between the carriers is varied in order to obtain an optimal and a non-optimal condition. In total there will be four cases, where case 1 and 2 represent situation 1, and case 3 and 4 represent situation 2. Case 1 and 3 give the optimal conditions which have less switching actions and generate less losses and harmonics at low frequencies. Case 2 and 4 give the nonoptimal condition.
Case 1, i.e. the result which gives optimal conditions is obtained with phase angle of 90 degrees. The number of switching actions are on a minimum, represented by the circles in figure 10 , and the harmonics produced by the three phase ac voltage pulses, see figure 11, are of high frequencies which do not affect the system. In situation 1 the conduction losses varies with different phase angle between the carrier frequencies. The reason is that the squirrel cage motor is not an ideal voltage source, and therefore is affected by the harmonics produced by the voltage pulses in the input to the RMC. Case 2 produce low frequency harmonics, see figure 13 , this affects the three-phase current generated by the motor. The current will be distorted and therefore not follow a sinusoidal path with constant amplitude. For that reason the rms-value of the current is higher than normal, and the conduction losses are increased. In figure 12 the circles represent the number of switching actions for case 2. The number of switching actions, and thus the switching losses, are on a maximum when the phase angle is 0 degrees. The total losses generated for each case in the reduced matrix converter can be seen in figure 16 , where column one represent case 1, and column 2 represent case 2. In situation 2 case 3 gives the optimal condition when the carrier frequencies for the RMC and the F-B are different. Figure 14 shows the switching actions for phase angle of 45 degrees. However, in case 3 there are more result which gives the same amount of losses, these are all phase angles of 45 · n where n = 0, 1, 2, 3..., and the losses generated in the RMC is shown in column 3, figure 16. Case 4 gives the worst condition which is given for phase angles of 90·n where n = 0, 1, 2, 3.... The loss generation in the RMC is given in column 4, figure  16 , and the switching actions are depicted in figure 15.
V. SIMULATION RESULTS
The simulation results for the voltages and currents are obtained for the system operating with optimal conditions. I.e. when the carrier frequencies of both the RMC and the fullbridge are the same (10 kHz), the phase angle between the carriers is π 2 , the modulation amplitude ratio is equal to 0.866, and the frequency of the reference signal is 50 Hz. Figure 17 to 20 shows the result.
VI. CONCLUSION
In this paper the reduced matrix converter implemented in an offshore wind power conversion system is studied. The RMC consist of 6 bi-directional switches, where each switch is made up of 2 RB-IGBTs in antiparallel. The RB-IGBT has a special structure, which contributes to reduce the total losses. The reason is the natural soft switching feature of the device, which occurs when the RB-IGBT is reverse biased either before turn on or after turn off. The intrinsic diode portion of the device will then withstand the blocking voltage, and all the negative collector emitter voltage will be across the intrinsic diode. By the switching action the generation of losses is in the intrinsic diode, and the loss will be reverse recovery loss.
The loss model has been implemented in PSIM, and impacts on the losses generated in the switches of the reduced matrix converter were investigated for two different situations; one with carrier frequency of both converters equal to 10 kHz, the other with two different carrier frequencies, respectively 10 kHz for the RMC and 5 kHz for the full-bridge. In both situations the phase angle between the carriers was varied in order to find the optimal condition for the system with lowest losses and the non-optimal condition with highest losses. The optimal condition found for each situation gave the same amount of losses, but the result were obtained for different phase angles in the two situations. In situation 1 the optimal condition was obtained for phase angle of 90 degrees, while in situation 2 the best result were given for all phase angles equal to 45 · n where n = 0, 1, 2, 3...
In situation 1 the result was special beacuse it was observed that changing the phase angle gave impacts on the conduction losses. Since there are always three switches turned on in the reduced matrix converter, the conduction losses should be constant and unaffected of the change of the phase angle. However, the reason was that the squirrel cage machine which is not an ideal voltage source, was sensitive for the low frequency harmonics produced by the three phase voltage pulses in the input of the RMC. The three-phase current from the machine was by that reason distorted, and did not follow a sinusoidal path with constant amplitude, but rather a curve which resulted in a higher rms-value of the current. Thus, the conduction losses were increased. Additionally, the switching losses were also increased due to increased number of switching actions. The non-optimal condition for situation 2 were given for phase angles equal to 90 · n, where n = 0, 1, 2, 3... The next step of this research is the extraction of losses characteristics of one leg of the reduced matrix converter by measurements with the modulation.
